Low-to-medium-frequency range impedance spectroscopy was used to investigate two series of dried calcium silicate hydrates with or without aluminum atoms, C-S-H and C-A-S-H. Over four decades in frequency, sample Nyquist plots were fitted by adopting an equivalent circuit using constant phase elements (CPE). Conductivity values of the order of 10 À9 -10 À10 S/cm were obtained at 316 K. The presence of CPE characteristic of the depleted semicircle at high frequency was related to a fractal dimension ranging from 2.4 up to 2.7. Above 316 K, the impedance spectra behaved unpredictably due to the dehydration process, while below 316 K the behavior was followed by adopting the modulus loss factor. The associated peak maximum variation is of the Arrhenius-type. The entire behavior may be interpreted by ionic motion and charge accumulation in addition to dielectric polarization at the grain boundaries associated to low fractal surface.
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-10 À10 S/cm were obtained at 316 K. The presence of CPE characteristic of the depleted semicircle at high frequency was related to a fractal dimension ranging from 2.4 up to 2.7. Above 316 K, the impedance spectra behaved unpredictably due to the dehydration process, while below 316 K the behavior was followed by adopting the modulus loss factor. The associated peak maximum variation is of the Arrhenius-type. The entire behavior may be interpreted by ionic motion and charge accumulation in addition to dielectric polarization at the grain boundaries associated to low fractal surface.
I. Introduction
T HE insertion of Al atoms in the C-S-H phase (calcium silicate hydrate), the main component of Portland cement hydrated paste responsible for cohesion properties and durability, has been largely studied in the past. [1] [2] [3] [4] [5] [6] [7] [8] Additionally for cementbased materials, permeability is closely related to durability, low permeability being identified with improved durability. To characterize such properties as well as to unravel middle range order structure such as grain boundaries, electrochemical impedance spectroscopy (EIS) is a suitable noninvasive and non destructive characterization based on the measure of the conductivity of migrating charge carriers in an applied electric field. The amount of water and its interaction with C-S-H environment affect the dielectric response (charge carriers and dipolar species). 9, 10 Indeed, electrical conductivity versus time (so called conductograms) is considered as the fingerprint of specific formulations and cure conditions as well as being used to control the electrical properties of cementitious binder for the cathodic protection of reinforced concrete structure. 11 EIS was also used to study the effect of silica fume on the evolution of the microstructure on densified cements, 12, 13 the effect of accelerators (calcium chloride, sodium formate) and of retarders (citric acid), 14 and of admixtures such as acrylic polyelectrolyte, 15 calcium naphthalene-sulfonates 16, 17 as well as the study of crack propagation and fiber orientation. 18 From a structural point of view, the cohesion of cement paste is due to the formation of a network of nanoparticles of C-S-H. 19 By using a dielectric continuum model, these authors have shown that at high surface charge densities, the surface charge of C-S-H is overcompensated by Ca 21 ions, giving a reversal of the apparent particle charge and that a correlation of closely located ions causes an attraction between the particle surfaces. Such cohesion as well as the gain in strength in the early age of the cement paste results from the interaction between C-S-H particles and the changes in ionic concentration in the interstitial solution. [20] [21] [22] [23] In cement paste, additional polarization may also arise from the electrode-fluid junction and therefore limits the diffusive motion of the carriers. 24 The highfrequency region was particularly studied to correlate the electrical response of the concrete to physical characteristics of its microstructure [25] [26] [27] and very high values of the dielectric constant beyond expectations were explained on the basis of a dielectric amplification factor (DAF) mechanism. 25 Misinterpretation of the high-frequency loop has indeed given rise to dielectric constants 410 3 ; these dielectric constant values were first explained by the DAF factor, 28 but later on rather explained by two concomitant processes: one due to the solid phase and the second one due to the ionic motion of free ions in the electrolyte drilling the pores. 29, 30 One should report the study comparing porous silico-aluminate ceramic to aluminous cement in order to disentangle the dielectric behavior of hardened cementitious material 31 and the use of reflectometry to permit to investigate the behavior in high frequency from 10 3 to 10 9 Hz, well above a conventional impedance analyzer. 32 We investigate here the effect of the change in the chemical composition for both series C-S-H and C-A-S-H by EIS in the frequency domain 0.1 Hz to 1 kHz. In two companion papers, we have recently reinvestigated the long range order by XRD 33 as well as the local order by NMR and Raman spectroscopy. 34 Indeed, previous Rietveld analyses performed on both series have clearly shown that (1) a unique structural model allowed to describe the C-S-H structure whatever the C/S ratio and (2) the insertion of aluminum into the C-S-H structure led to a deterioration of the crystallinity and to a systematic increase of the basal spacing of about 2 Å whatever the Ca/(Si1Al) ratio (at constant Al/Si ratio). The present paper investigates the impact of such local and long range structural changes on the conductive and dielectric properties. One should observe the paucity of information in the literature concerning the use of AC impedance spectroscopy to characterize dry cement-type material. Indeed, study on dry cement-related phases is scarcely reported, whereas a lot of attention is still being paid on the physical origin of the microstructure on fresh cement pastes, 35, 36 this to better understand the chemical, physical and mechanical processes that turn water-cement mixes into stone-like solids.
II. Experimental Procedure
(1) C-S-H and C-A-S-H Syntheses Syntheses of C-S-H and Na-free C-A-S-H samples were described in the first part of the study. 33 The samples studied here were designed by C-S-H_n and C-A-S-H_n, with n 5 Ca/Si 5 0.8, 1.0, 1.1, and 1.3 for respectively the Al-free and Al-containing syntheses.
C-S-H_n series was synthesized from silica (Aerosil 380, Degussa, Paris, France) and calcium oxide (99.9% pure, Aldrich, Lyon, France) freshly decarbonated for 3 h at 9001C. Demineralized and decarbonated water was added to reach a water/solid ratio of 50.
C-A-S-H_n series, with a nominal Al/Si atomic ratio of 0.1, was synthesized from silica (Aerosil 380, Degussa) and calcium oxide (99.9% pure, Aldrich) freshly decarbonated for 3 h at 9001C incorporated in a saturated solution of tricalcium aluminate (C 3 A 1 g/L in demineralized and decarbonated water). Calcium and aluminum concentrations in the solution were determined by ICP-AES; respectively 210.0 and 114.4 mg/L. Silica and calcium oxide were incorporated in these filtered solutions (at 0.45 mm) to reach a water/solid ratio of 50, a theoretical Al/Si atomic ratio of 0.1, and the five Ca/(Al1Si) ratios from 0.8 to 1.5.
All the suspensions, from both C-S-H and C-A-S-H syntheses, were stored at 201C under N 2 atmosphere for three weeks under stirring in closed polypropylene bottles. They were then filtered under nitrogen and rinsed with acetone. The precipitates were subsequently dried in a desiccator, under slight vacuum ( % 0.7 atm), over silica gel, at room temperature. Samples were left over 6 months at an RH of 50% to reach hydration equilibrium. Sample compositions determined in Renaudin et al. 33 are indicated in Table I .
(2) Analytical Technique (A) Technique and Equipment: EIS measurements were performed on pressed sample pellet with a two-Pt contacting electrode in the form of a plain capacitor (13 mm diameter). The cell was directly wired to an analyzer. Measurements were performed on a temperature domain ranging from 253 to 341 K in the frequency interval 0.1 Hz to 1 kHz.
(B) Data Processing: The impedance and admittance data were fitted using either the impedance or admittance functions as defined by adopting equivalent circuit of R i and C i /n i constant phase element (CPE). A minimum number of time constants R i C i was used to reproduce the Z 0 1jZ 00 spectra, i.e. the real and imaginary part of the experimental impedance Z at a given temperature. In a first approximation, a parallel/R CPE p element was used to reproduce the high-frequency profile while a series1R CPE s was considered for the low-frequency domain. Such equivalent circuit was adopted because it may be compared with previous data. 24 The experimental data points obtained in both series were simulated using nonlinear least-squares fits. The errors associated with the determined parameters were within 75%.
Electrical relaxation phenomena were analyzed through different formalisms. However, by adopting the electric modulus formalism for the interpretation of bulk relaxation properties, some advantages upon other treatments were observed, as the conductivity relaxation is becoming prominent due to the suppression of the electrode effects. 37, 38 Conductivity and dielectric constant were obtained by converting the resistance and capacitance from the impedance 
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where M 0 is the real and M 00 the imaginary part of the electric modulus, respectively, and e Ã , Z Ã , and o are the complex permittivity, complex impedance, and the pulsation, respectively.
III. Discussion
(1) Conduction Study Typical Nyquist plots of the complex impedance data of C-S-H_0.8 are displayed in Fig. 1 . The impedance plots are dependent on the temperature of measurement. At a temperature lower than 286 K, the impedance plots show a large semicircle over the frequency range ( Fig. 1(a) ), while at higher temperature an inclined and individual straight line is observed in the lower frequency part in addition to one depressed semicircular arc in the mid to higher frequency range ( Fig. 1(b) ). Indeed, at low temperature, the features are not prominent, whereas raising the temperature gives a typical two-arc response with the electrode polarization arc forming the right-hand side of a V-shaped plot and with the bulk arc forming the left-hand side (Fig. 1(b) ). The bulk semicircular arc is not fully developed due to the upper frequency limit of 1 kHz.
The semicircle appearing at high to middle frequency is associated with the bulk resistance and a nonideal capacitor CPE p in parallel while the response in the lower frequency domain is characteristic of interfacial resistance in the series with the double-layer capacitance CPE s . Nonideal capacitor is usually known as a CPE, which accounts for the observed depression of semicircles.
When present, the intercept or its projection on the real axis corresponds to the sample bulk resistance R of the system. R usually obtained at the cusp between the electrode and bulk arcs here is refined using the entire frequency domain, together with CPE p and CPE s . The resulting resistances are used to determine the conductivity. Figure 2 shows the quality of the refinement for both series at 316 K, and R, CPE p and CPE s parameters are displayed in Table I . A small tail in the low-frequency domain makes the CPE s refinement difficult. A simple model consisting of the three elements was considered for the refinement of the EI spectra at 316 K. However, by lowering the temperature, the refinement requires more than one time constant ( Fig. 1(a) ), and up to three R/CPE were then used (not shown). This is in agreement with previous results where three constant times pF, nF, and mF were reported to refine the shape of Nyquist plots. 30 At 316 K, the values of the conductivity range from 10 À9 to 10 À10 S/cm. This is consistent with previous data reported for unhydrated cement 25, 39 and much lower than that reported for freshly hydrated cement paste. Indeed with cement paste dehydration, the continuous paths of water are found to break up and the conductance decreases steeply by at least five orders of magnitude. 40 There is no trend in the conductivity value in both C-S-H and C-A-S-H series. CPE p values range between 1.10 À10 and 1.10 À9 O Á (rd/s) p Àn , and are in association with time constants between 1 and 15 ms (Table I) . This is evidently much larger than those obtained on wet cement paste systems where time constants of the order of ms are observed. 30 This is in relation with the dry feature of both present series C-S-H and C-A-S-H. For the low-frequency response, CPE s values range between 10 7 and 10 8 O Á (rd/s) s Àn , and the time constants between 0.1 and 1 s (Table I) . Again, this is much greater than the usual ms expected for the double layer process.
With an increase in temperature up to 316 K, a progressive displacement of the complex curve toward the origin together with a reduction in arc radii was observed ( Fig. 1(a) ). It means that by increasing the temperature, the conductivity of the samples increases steadily up to 316 K. However it remains constant or even decreases above this temperature (Fig. 3) . This indicates that the temperature is of great importance for the charge carriers' mobility. Such an increase in the 253-316 K temperature range is interpreted by a greater mobility while the motion of the charge carriers is strongly hindered above 316 K. The decrease in conductivity can be interpreted by a progressive loss of water molecules. We surmise that the loss of interfacial water molecules in the vicinity of the grain boundaries even in small number may have a great effect on the disruption of the conductive paths. The temperature of occurrence is surprisingly low in comparison to the thermal behavior of the samples, even if one notes the ignition of weight loss above room temperature. 33 Thus, the interstitial medium within the dry samples is found to be highly sensitive to an increase in temperature, because its effect is observed at a temperature slightly above room temperature. It is in agreement with previous data reported for Portland cement mortar where, at a temperature excess of 501C, sample impedance was found to be almost independent of temperature. 41 Impedance response above 316 K will not be further considered. 
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The depression angle y visualized by the depleted semicircle at high frequency is related to the exponent n also called the arc depression factor by the relation:
This parameter was linked to the fractal dimension of the gel surface and pore size distribution within the cement paste by the empirical relation 42 :
where D s is the fractal dimension of the interface. Adopting (5), the values obtained from measurements were comparable to fractal BET theory as well as the neutron scattering study of hydrated cement paste. 42, 43 By plotting the arc depression factor versus hydration time, a constant value of 0.75-0.8 was obtained after a sufficiently long time, suggesting then a characteristic value for C-S-H. 25 Similarly, the fractal geometry is used here to explain the depletion of the capacitive arc and the values are reported in Table I . Values around 0.7 are obtained for n p and related to a fractal dimension of the pores surfaces ranging from 2.4 to 2.7. This is slightly higher to what is reported for hydrated cement-based materials 30 suggesting in our case a more ideal capacitive response. Indeed, n p was related to the pore size distribution and its increase is usually associated with a reduction in the pore size and as well as a narrowing in the size distribution. It means that both C-S-H and C-A-S-H series can be viewed as a continuous medium, the fractal dimension approaching the Euclidian dimension (n p 5 1, D s 5 3).
(3) Dielectric Study
In dielectric representation, a time constant was assumed to correspond to the dielectric characteristics of the cement paste, and the associated capacitance value C should correspond to a parallel plate capacitor such as:
where e 0 is the vacuum permittivity (e 0 5 8.854 10 À14 F/cm), e is the sample dielectric constant, and K c the geometric cell constant. The apparent dielectric constant e is calculated to be 4100 for both series. Evidently, this is not a true value due to the rather larger capacitance value of the order of 10 À10 F instead of the expected pF order. It underlines that its origin is different from a bulk dielectric process alone; consequently, ionic motion should be considered in addition to grain boundaries dielectric polarization. In both C-S-H and C-A-S-H series, the remaining water molecules are probably bounded in the interlayer of calcium silicate hydrate structure and they can no longer relax. This is in discrepancy with the change in conduction observed above room temperature that suggests rather weakly bounded water molecules. We surmise that the change in conduction may be attributed to the low amount of surface-adsorbed water molecules different from the strongly bounded water molecules that leaves the structure at a temperature up to 4001C as observed by the thermal analysis 33 and in agreement with the literature. 44 To scrutinize further the dielectric behavior that is influenced by various parameters such as porosity, water content, ion concentration and pore geometry and the behavior of the ions at the pore surface, the modulus loss factor formalism is adopted (see Section II). The representative plots of the modulus loss factor M 00 as a function of frequency show Lorentzian peaks that shift toward higher frequency with an increase in temperature up to 316 K (Fig. 4) . The shift in M 00 peak maximum is indicative of transition from long to shorter range mobility of charge carriers. As for the conductivity, the shift of the peak is reversed when the temperature is 4316 K (not shown).
In the present set of data, the interfacial relaxation process is evident in all systems. The intensity of this relaxation increases in temperature; this becomes apparent from the increase of the dissipation factor (shown for C-A-S-H_0.8 in Fig. 5 ) and from the reduction of the modulus loss factor (Fig. 4) . It may be interpreted by a more pronounced interface. Moreover, the presence of the peaks is typical of Debye-type relaxation, 45 even if the presence of a depressed semicircle on Nyquist plot (Figs. 1  and 3 ) suggests some deviation from the ideal Debye case. High values in the low-frequency range suggest the existence of one or more of the following processes: (i) electrode polarization, (ii) interfacial polarization Maxwell-Wagner-Sillars (MWS) effect, and (iii) conductivity phenomena. MWS effect occurs in systems exhibiting heterogeneity. On the other hand, the relaxation process recorded in the medium frequency region is attributed to interfacial polarization because electrode polarization is neglected in the electric modulus formalism 38 and the conductivity of the samples is low (in the order of 1.10 À10 S/cm). Its occurrence was ascribed to ionic polarization at the grains interface. When lowering the temperature, an asymmetric peak broadening occurs. This is indicative of a spread in the relaxation time.
The relaxation times were determined from the imaginary part of the modulus loss factor because it is model free and it may represent the most probable relaxation time. 46, 47 A peak is observed when the condition ot 5 1 is satisfied, where o is the angular frequency and t is the Debye relaxation time. Relaxation times t were determined at the frequency corresponding to the peak maximum. Similar observations may be carried out on the dissipation factor tan d (e 00 /e 0 ) as the emergence of a peak or a shoulder is also the manifestation of interfacial polarization that is characteristic of heterogeneous systems and is caused by charges blocked at the internal phase boundaries. However, tan d variation does not exhibit a clear defined relaxation peak over the entire domain in temperature (Fig. 5) , explaining the reason to consider M 00 . Relaxation times t present a linear dependence against the inverse of temperature (Fig. 6) . The activation energy of the relaxation is then calculated based on the following Arrhenius-type equation (Table II) :
On a time scale, it can be physically interpreted with the time involved for the sample to reorganize structurally. Shorter relaxation times are indicative of faster dynamics at the interfaces. The calculated values of the preexponential factor t 0 can be rationalized between samples. The activation energy of C-S-H series ranges between 0.24 and 0.38 eV while the one for C-A-S-H ranges between 0.39 and 0.50 eV. Within each series, there is no pronounced trend for the activation energy against the ratio Ca/Si. The values are close to the other reported in the case of frozen fresh cement paste where an activation energy of 0.31 eV was reported. 48 Evidently, our values are higher (i.e., more temperature dependent) than that reported for ordinary Portland cement (OPC) pastes. 41, 49 However it is difficult to access to structural information and/or make a comparison with OPC because the activation energy is not only characteristic of the composition and phase ordering but also representative of grain boundaries, granulometry, and phase compactness.
The variation of M 00 above 316 K (and in the cooling cycle), shown in Fig. 7 for C-A-S-H_0.8, is found to be erratic as for Z 00 (Fig. 3) .
The plot of E a and t 0 vs chemical composition provides some general trend (Fig. 8) . Regardless of the chemical composition, the series C-A-S-H exhibits greater activation energy than the series C-S-H. It means that the process is more temperature dependent in samples C-A-S-H. Such an increase in mobility of the charge carriers between C-A-S-H and C-S-H series can be explained by the increase of layer spacing of about 2 Å , corresponding to a more open structure, by the decrease of the coherent domain size, and/or by the presence of aluminum cations into the interlayer space as demonstrated previously. August 2011 Impedance Spectroscopy Study on C-S-H Dried Powders
IV. Conclusion
We demonstrate here that EIS is a suitable technique for the study of diffusion of charge carriers in disordered media such as C-S-H and C-A-S-H powdered samples in spite of the rather small conductivity. By adopting a simple model using two CPE elements and one resistance, it was possible to refine the Nyquist curves for both C-S-H and C-A-S-H series at 316 K. Beyond this temperature, the conduction process was found to behave erratically (certainly due to the beginning of dehydration of sorbed water molecules) and was then not further considered.
The empirical relation between arc depression factor and the fractal structure was applied here. Its value ranges between 2.4 and 2.7 suggesting a rather homogeneous and dense bulk with no extended grain boundaries such as observed in the case of hydrated cement-type materials. The CPE s element responsible of the low-frequency response presents a rather small n s value, thus showing an extended roughness of the electrode to sample interface that was not further optimized. The electric lost modulus M 00 is found to be highly sensitive to the temperature change. Studied in the temperature range from 253 to 316 K, its variation is found to follow Arrhenius dependence with activation energy slightly higher for C-A-S-H than for C-S-H series, which was related to the different structures of the two kinds of samples. Fig. 7 . Variation of the electric loss modulus M 00 for C-A-S-H_08 vs frequency above 316 K. (R) is used when the temperature cycle is reverse. Fig. 8 . Variation of the activation energy E a and preexponential factor t 0 as a function of Ca/Si nominal chemical composition. The arrows report to the y-axis reading.
